Plant tissues derived from meristems including SAM (shoot apical meristem) and RAM (root apical meristem) are located at the tips of shoot and root and procambial cell tissues in the vascular system (Simon and Stahl, 2011) . Through asymmetric periclinal cell division, a few layers of stem cells in vascular meristems differentiate into apposing xylem and phloem cells, forming the conducting system and playing an important role in long-distance transport of water, nutrients, sugars, and signaling molecules such as hormones in plant (Elo et al., 2013) .
The leucine rich repeat receptor kinase (LRR-RK) PXY (phloem intercalated with xylem) belongs to XI subfamily of leucine rich repeat receptor-like kinase (LRR-RLK). PXY is a receptor of CLAVATA3/EMBRYO SURROUNDING REGION-RELATED (CLE) peptide CLE41/44 or TDIF (tracheary elements differentiation inhibitory factor). TDIF-PXY signaling functions to promote procambial cell proliferation and suppress tracheary element differentiation, thus playing an important role in wood formation and vascular (Hirakawa et al., 2008; Ito et al., 2006; Fisher and Turner, 2007) . The tdr-1/pxy-5 mutant was severely impaired in the proliferation of procambial cells (Hirakawa et al., 2008) . WUSCHEL HOMEOBOX RELATED 4 (WOX4) and WOX14 are downstream components of PXY-TDIF signaling and function redundantly in regulating vascular cell division (Etchells et al., 2013; Hirakawa et al., 2010) . CLE41/44 has 12 aa (His-Glu-Val-Hyp-Ser-Gly-Hyp-Asn-Pro-Ile-Ser-Asn) in its mature form. A recent structural study revealed that the last amino acid of the peptide is required for CLE41/44 recognition by PXY (Zhang et al., 2016b) .
PXL1 (PXY-like 1) and PXL2 (PXY-like 2) are two closely related LRR-RKs to PXY, sharing 61% and 62% sequence similarity with PXY, respectively. However, in contrast with PXY, neither pxl1 nor pxl2 plants displayed an obvious phenotype in the vascular stem (Fisher and Turner, 2007) . Nonetheless, simultaneous mutations of the three LRR-RKs genes (pxy-3 with pxl1 and pxl2) generated an enhanced vascular phenotype observed in pxy-3 plants with flatter vascular bundles and a less clear distinction between xylem and phloem. These results suggest that PXL1 and PXL2 can function redundantly or synergistically with PXY in regulating vascular-tissue development. Indeed, biochemical data showed that CLE41/44 also interacted with PXL1, though with a lower affinity than that of CLE41/44 with PXY (Zhang et al., 2016b) . Interestingly, the triple-mutant did not display a more pronounced phenotype than the pxl1 and pxl2 plants, suggesting that these two genes might also have a different role from PXY in vascular development (Fisher and Turner, 2007) .
PXL2 belongs to XI LRR-RK subfamily, members of which have been proposed to recognize small signaling peptides through the conserved Arg-x-Arg (RxR, x stands for any amino acid) motif (Zhang et al., 2016a) . We therefore reasoned that PXL2 may also recognize a small signaling peptide(s) to mediate vascular development. To test this idea, we purified the extracellular LRR domain protein of PXL2 (PXL2 LRR ) and incubated the purified protein with a pool of chemically synthesized peptides featuring a free C-terminal histidine or asparagine. The mixture was then subject to gel filtration to separate the PXL2 LRR -bound peptide(s) from the others (Fig. 1A) . The protocol described previously (Song et al., 2016) was used to detect the peptide (s) bound to the PXL2 LRR protein by mass spectrometry. By using this method, we found that CLE42 was co-purified with the PXL2 LRR protein in the gel filtration assay, suggesting that CLE42 may act as a ligand of PXL2 (Fig. 1B) . To further support this conclusion, we assayed the binding affinity of CLE42 with PXL2 LRR using ITC. The ITC results showed that CLE42 bound to the PXL2 LRR protein with a dissociation 1C) . CLE42 is also a dodecapeptide (His-Gly-Val-Hyp-Ser-Gly-Hyp-Asn-Pro-IleSer-Asn) and differs from CLE41 only in the 2nd position. ITC assays indicated that CLE41 also interacted with PXL2 LRR but with a slightly lower affinity Fig. 1D ). As a negative control, CLE13 (Arg-Leu-Val-HypSer-Gly-Hyp-Asn-Pro-Leu-His-His) had no detectable interaction with PXL2 LRR as indicated by ITC (Fig. S1 ).
We then solved the crystal structure of PXL2 LRR determined at resolution of 3.6 Å ( Fig. 2A ). Structural comparison showed that PXL2 LRR and PXY LRR are highly conserved in their structures (Fig. S2A ). Although we have not obtained the structure of PXL2 LRR bound by CLE42, the complex can be modeled with high confidence using the structure of PXY LRR -CLE41 as a template given that the conserved (Fig. 2B ). In the modeled structure of PXL2 LRR -CLE42, the small peptide also adopts an "Ω"-like kink to interact with PXL2, forming a set of interactions ( Fig. 2C-E 
where Ii(hkl) is the intensity of the ith observation of reflection hkl and 〈I(hkl)〉 is the average over all observations of reflection hkl. and PXL2 LRR -CLE41 (10.00 μmol/L). These observations are consistent with the proposed relationship between nonpolar buried interfacial area and binding affinity (Chen et al., 2013) (Table 1 ).
In the structure of the CLE41-SERK2 LRR -PXY LRR complex (Zhang et al., 2016c) , the C-terminal side of CLE41 forms a pair of hydrogen bonds with SERK2, thus contributing to the interaction between SERK2 LRR and PXY LRR .
Structural comparison between this complex and CLE42-SERK2 LRR -PXL2 LRR (the modeled structure) showed that the C-terminal portions of the two small peptides are highly conserved in their receptor-bound forms ( Fig. 2F-H ). This result suggests that PXL2 may also use SERK member as a co-receptor if CLE42 indeed function as a ligand of PXL2. To test this idea, we first assayed that the PXL2 LRR protein in the presence or absence of CLE42. As shown in Figure 1E , CLE42 binding induce no oligoimerization of PXL2 LRR , because the elution volume of the protein did not change in the presence of CLE42, suggesting that a co-receptor is required for CLE42-induced signaling based on the dimerization model (Han et al., 2014) . To test whether SERK members are able to form CLE42-induced complexes with PXL2, we purified the extracellular LRR domain protein of SERK2 (SERK2 LRR ) and used gel filtration to examine its interaction with the purified PXL2 LRR protein in the presence of the chemically synthesized CLE42. Indeed, the gel-filtration results showed that SERK2 protein formed a stable complex with PXL2 LRR in the presence but not in the absence of CLE42 when the assays were performed at an acidic pH (pH = 4.0) (Fig. 1F) . Like other small peptide-induced interaction between a SERK member and an LRR-RK (Sun et al., 2013) , the CLE42 induced SERK2 LRR -PXL2 LRR interaction was pH-dependent, as increasing pH to 6.0 or 8.0 resulted in non-detectable interaction between SERK2 LRR -PXL2 LRR even in the presence of CLE42 (Fig. 1F ).
Here we provide biochemical evidence showing that CLE42 interacts with PXL2 in vitro. Consistent with CLE42 as a ligand of PXL2, we also showed that CLE42 induced interaction with of PXL2 and the SERK family member SERK2. However, the biological functions of these interactions still remain unknown. A role of CLE42 in suppressing xylem formation has been shown before (Hirakawa et al., 2008) . CLE42 is expressed strongly in shoot apical meristem (SAM) and axillary meristems to enhance axillary bud formation (Yaginuma et al., 2011) . Consistently, excess formation and outgrowth of axillary buds has been shown in plants overexpressing CLE41 and CLE42. However, mutation of TDR did not completely suppress the promotion of axillary bud formation by CLE42 peptide, suggesting that other receptor(s) might exist for perception of the two peptides. Based on the biochemical data reported here, we propose that PXL2 may function as a receptor of CLE42 and probably CLE41 as well. However, PXL2, also called MIK1 (MDIS1-INTERACTING RECEPTOR LIKE KINASE1), was recently shown to form heteromers with MDISI (MALE DIS-COVERER1) and perceive the female attractant peptide LURE1 in Arabidopsis thaliana . One explanation to reconcile our biochemical data with these genetic data is that PXL2/MIK1 can serve as a dual receptor of different ligands, thus mediate different peptide-induced signaling. The same LRR-RK that can perceive two different ligands has been reported (Deyoung and Clark, 2008; Shinohara et al., 2012) . Furthermore, a role of PXL2 in vascular tissue development is also in line with the genetic data showing that simultaneous mutations of the three LRR-RKs genes (pxy-3 with pxl1 and pxl2) generate a more striking vascular phenotype as compared to the pxy-3 plants. Nonetheless, future studies are needed to investigate whether PXL2 function as a receptor of CLE42 to mediate plant vascular tissue development.
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